Recentemente, a Associação Brasileira de Normas Técnicas (ABNT) lançou uma série de normas, relacionadas com a determinação de Na, K, Mg e Ca em biodiesel, recomendando procedimentos similares àqueles das normas europeias e americanas, mas também introduzindo uma norma alternativa (ABNT NBR 15556), que possibilita a determinação dos 4 elementos usando a técnica de espectrometria de absorção atômica com chama (F AAS). Neste trabalho, apresentam-se os estudos de otimização e validação que dão suporte a essa norma, bem como a comparação do desempenho de um equipamento com fonte de linhas com outro de fonte contínua. Entre os fatores otimizados, os baixos valores de taxa de aspiração e o uso de uma solução de óleo mineral em xileno para o ajuste da viscosidade entre soluções das amostras e de calibração devem ser destacados. Testes de precisão (repetitividade e precisão intermediária) mostraram valores adequados, comprovando a robustez do método, e os limites de detecção estiveram confortavelmente abaixo daqueles propugnados pelas legislações brasileira e internacional. A exatidão foi confirmada por testes de recuperação e pela participação em exercícios interlaboratoriais de proficiência promovidos pela Agência Nacional de Petróleo, Gás Natural e Biocombustíveis (ANP). A determinação dos 4 elementos por F AAS traz evidentes vantagens econômicas ao produtor, uma vez que se trata de um equipamento mais barato na sua aquisição e manutenção.
Introduction
Nowadays biodiesel represents a real alternative to diesel for internal combustion engines. The use of biodiesel has the potential to lower the environmental impact of automobile transport due to the net reduction of the amount of emitted gaseous CO 2 to the atmosphere, contributing to the decrease of greenhouse gas emissions. Biodiesel is obtained by transesterification of vegetable oils (soybean, sunflower, palm, etc.) and animal fats using an excess of a primary alcohol (most commonly methanol) in the presence of a homogeneous or heterogeneous catalyst. The main reaction products are biodiesel and glycerol. Used vegetable oils are also considered a low cost source for obtaining biodiesel, permitting waste recycling. Feedstock composition may influence the properties of produced biodiesel, [1] [2] [3] [4] and besides the traditional feedstock materials (vegetable oils or animal fat), the production of biodiesel using microalgae has been recently studied and appears to possess high production potential. 5 For its adequate use, biodiesel must obey strict regulations and the determination of Na, K, Mg and Ca is part of biodiesel characterization of pure biodiesel (B100) or blends with petroleum diesel (B2, B5 and B10). In the production process, Na and K come from the alkali catalysts (NaOH and KOH) used in the transesterification reaction, while Mg and Ca come from the washing process. These elements should be removed during the biodiesel production process, but they can appear as contaminants in the final product. If present in the final product, Na, K, Mg and Ca may form insoluble soaps, leading to the formation of deposits in the filters also contributing to the corrosion of motor parts. 6 Thus, the determination of these elements is necessary because their presence above certain levels may change the characteristics of the product use. The current specification for biodiesel imposed by ANP, the Brazilian Agency for Oil, Natural Gas and Biofuel, 7 in consonance with the European and American regulations 8 by means of standard methods such as EN 14108, 9 EN 14109, 10 EN 14538 11 and ASTM D6751 12 establishes a limit of 5 mg kg -1 as the maximum allowed concentration for Na plus K or Ca plus Mg.
In the literature, several articles have been published reporting methods for the determination of Na, K, Mg and Ca in biodiesel. Santos et al. 13 reported a simple method for the simultaneous determination of Na, K, Mg, Ca and P in biodiesel samples by inductively coupled plasma optical emission spectrometry (ICP OES), after a sample dilution with ethanol. The obtained limits of detection (LOD) were 0.1, 0.3, 0.005 and 0.03 µg g -1 for Na, K, Mg and Ca, respectively, in the original sample. Chaves et al.
14 developed a method for the determination of Na and K in biodiesel by flame optical emission spectrometry (F OES). Samples were prepared as microemulsions with propan-1-ol and aqueous acid solution. For calibration, inorganic aqueous calibration solutions were used. The use of microemulsion was also proposed by Jesus et al. 15 for the determination of Na and K in biodiesel by flame atomic absorption spectrometry (F AAS). The microemulsion was constituted of n-pentanol, Triton X-100 and water, and calibration was performed with aqueous calibration solutions. The LODs were 0.1 and 0.06 µg g −1 for Na and K, respectively. De Oliveira et al. 16 developed a method for the determination of Na by F OES using dry decomposition for sample preparation. The LOD and LOQ (limit of quantification) in the original samples were 1.3 and 4.3 mg kg −1 , respectively. Since Na, K, Mg and Ca determinations in biodiesel are of regulatory importance, European and American normalization entities advocate the use of recommended analytical procedures for these determinations. For the determination of Na and K, the European norms, EN 14108 9 and EN 14109, 10 respectively, propose sample dilution with xylene followed by F AAS determination. For the determination of Mg and Ca, a similar sample pre-treatment was used and ICP OES instrumental determinations were recommended (EN 14538); 11 ASTM suggests similar procedures (ASTM D6751). 12 In all these cases, the calibration is performed with organic-metallic standard solutions, diluted in xylene, and care must be taken in the viscosity matching between the calibration and sample solutions. More recently, ABNT (Associação Brasileira de Normas Técnicas -Brazilian Association of Technical Standards) has launched a set of norms related to the determination of Na, K, Mg and Ca in biodiesel. ABNT advocates sample dilution with xylene and instrumental determination by F AAS for Na (NBR 15554) 17 and K (NBR 15555) 18 and ICP OES for Mg and Ca (NBR 15553), 19 following the same trend of the European and American norms. However, ABNT NBR 15556 20 norm has also introduced the determinations of Na, K, Mg and Ca by F AAS in contrast to European and American norms that recommend the use of F AAS technique only for Na and K.
The recent introduction of continuous source high resolution spectrometers for atomic absorption measurements indicates the possibility of improvements in the analysis performance. High-resolution continuum source atomic absorption spectrometry (HR-CS AAS) has a number of advantages over the line source approach (LS AAS) in the determination of trace elements in complex matrices due to its improved background correction capabilities, the visibility of the spectral environment around the analytical line, the increased primary source intensity, the neighboring pixel baseline compensation process and the possibility of sequential multielementar determination. 21 Thus, LOD, analytical throughput and accuracy are improved in relation to the conventional LS AAS. Recently, Quadros et al. 22 developed a simple method for the determination of Al, Cu, Fe and Mn in biodiesel by HR-CS ET AAS, showing precise and accurate results.
The aim of this work was to present studies that have supported the proposal of the ABNT NBR 15556 20 norm, a Brazilian norm for determination of Na, K, Mg and Ca in biodiesel. Also, we aimed to compare the performance of LS F AAS and HR-CS AAS in the application of this norm, proving that it is possible to perform the analysis using only atomic absorption methods.
Experimental

Instrumentation
The measurements were carried out in two AAS spectrometers: a conventional line source model 1100B atomic absorption spectrometer (Perkin Elmer, Bodenseewerk, Germany) with a flame atomizer and a continuous (deuterium lamp) background correction system. Sodium, K, Ca and Mg hollow cathode lamps (Varian, Mulgrave, Australia) were used as line sources. The continuous source atomic absorption spectrometer was a model ContrAA 300 (Analytik Jena, Jena, Germany) with a flame atomizer, a xenon short-arc lamp operated in hot spot mode (as the primary continuum radiation source), an Echelle double monochromator and a CCD (charge coupled device) line detector. In the HR-CS AAS, a simultaneous evaluation of 200 pixels, which corresponds to a spectral environment of about ± 0.2 nm around the central pixel, was used. The instrumental parameters of both apparatus are displayed in Table S1 and their optimization is discussed in the next section. Samples were weighed using a microbalance model Adventurer AR 2140 (Ohaus, Pine Brook, NJ, USA) with a precision of ± 0.0001 g. ) was prepared by diluting 120.0 g of mineral oil to 1000 mL with xylene in a volumetric flask. This solution was used as a diluent for the calibration solutions and as blank. Biodiesel samples from different origins (castor, soybean, canola, cotton, babassu, sunflower, etc.) were investigated. These samples were provided by biodiesel plants located in different regions of Brazil and also by the Laboratory of Biofuels from Pontifical Catholic University of Rio de Janeiro (PUC-Rio).
Procedure
Samples were prepared in accordance with the procedure described by ABNT NBR 15556 norm: 1.0 g of biodiesel was accurately weighed in a 15.0 mL polypropylene flask, diluted to 10.0 mL with xylene, and homogenized. Calibration solutions were prepared from appropriate dilution of the standard solutions with the mineral oil in xylene solution (120.0 g L -1 ) for matching their viscosity with those of the sample solutions. Sample solutions were then analyzed by F AAS according to the instrumental parameters shown in Table S1 .
Parameter optimization
Observation height (measured by the burner height), flame composition (measured by the acetylene flow rate) and aspiration rate were optimized using a complete (3 3 ) factorial planning and levels are showed in Table S2 . Data were analyzed using Statistica 7.0 Statsoft software and the obtained results are presented in Tables S3 and S4 .
The choice of the range for height burner was based on the knowledge that the absorbance reaches a maximum near the center of the flame and decreases when the oxidation of the element begins to occur. To the choice of gas flow rate, it was considered the limitations of the equipment and the proportions established by the manufacturer. It is important to note that xylene is a fuel and to work with an oxidizing flame, the flow rate must be small. This does not occur when aqueous solutions are aspirated since the contribution of the stoichiometry of the flame is quite small. The sensitivity measured by the slope of the calibration curves taken in each of the studied conditions was used as response. Calibration curves were prepared according to the ABNT NBR 15556 norm, with calibration solutions of 0.10, 0.20, 0.30 and 0.40 mg L -1 . At first, the line source equipment was used. Vol. 23, No. 7, 2012 Results and Discussion Viscosity adjustment of the calibration solutions using mineral oil Special attention must be given to the question of the viscosity matching between samples and calibration solutions, considering that biodiesel of different sources present different viscosities. The choice of the mineral oil solution is important to promote the adjustment of viscosity and is a procedure recommended by the norm for the analysis of biodiesel. Since the dilution factor of the samples was previously defined (10.0% m/v) and in order to minimize the viscosity differences between biodiesel samples and calibration solutions, mineral oil was added to the calibration solutions to promote this adjustment. The viscosity of mineral oil in xylene solutions with different concentrations was measured and obtained results are shown in Figure S1 . The viscosities of the sample solutions of biodiesel of different sources were also measured and showed values ranging from 0.82 to 0.86 mm 2 s -1 (babassu, cotton, palm, soybean, sunflower and castor), although those derived from castor and canola (dry) oils presented viscosities of 0.90 and 0.94 mm 2 s -1
, respectively. According to Figure S1 , the mineral oil solution in the xylene solution corresponds to a concentration of 120 g L -1 , which was then used as diluent and final medium for the calibration solutions.
Pareto charts for the 4 analytes are displayed in Figure S2 . For Na, the significant effects were the aspiration rate (linear), observation height (linear) and acetylene flow (linear). For K, besides these three effects, the interaction between aspiration rate (linear) and acetylene flow rate (linear) was also significant. For Mg, the significant effects were the aspiration rate (linear), observation height (linear) as well as the interaction between the observation height (linear) and the acetylene flow rate (linear). For Ca, only the aspiration rate (linear) and the acetylene flow rate (linear) were significant. Figure S3 shows some of the response surfaces for the studied elements. In the case of K, Mg and Ca, it is possible to observe that the critical point was out of the studied range. However, due to practical limitations, it was not logical to perform further experiments in the direction of the indicated maximum sensitivity. For instance, the surface response for K indicates that the maximum response must be expected at larger aspiration rates. However, aspiration rates above 1.5 could lead to a lean flame (an organic solvent is being aspirated) and a correspondent increased noise. Similar considerations should be made to Mg and K as well. Thus, Table S1 displays optimum values taking into account these practical aspects. A similar optimization was performed with the continuous source equipment, and the optimized parameters are also displayed in Table S1 .
Studies of sample stability
Since biodiesel of different sources present different compositions (and consequently, different properties, such as viscosity and density), the matrix influence was investigated by observing the slopes of analyte addition curves with biodiesel samples of different feedstock. Calibration curves in the 120.0 g L -1 mineral oil in xylene solution were also investigated. Analyte addition calibration curves were prepared by spiking biodiesel samples with appropriate microvolumes of the organometallic standard solutions and diluting (10.0% m/v) with xylene. External calibration curves were prepared as described in the procedure section. Results (Tables 1 and 2) show that no significant multiplicative matrix effects were observed (F AAS and HR-CS F AAS) in relation to the external calibration curve prepared in 120.0 g L -1 mineral oil in xylene solution (t test, p < 0.05). Thus, external calibration Determination of Na, K, Mg and Ca in Biodiesel by LS F AAS and HR-CS F AAS J. Braz. Chem. Soc. 1404 using this calibration curve could be performed. Note that the added concentrations were quite below the limits permitted to biodiesel by the legislation. This happened due to the fact that most of the samples received in the laboratory are below the upper value of the used concentration range.
Calibration and sample solution stability
Reyes et al. 23 have indicated that metal solutions in organic medium are unstable solutions, and analytical signal tends to decrease with time. Calibration and sample solutions prepared as described in the Procedure section were proved to be unstable, dropping down to 18% of their original concentration value after 2.5 h standing in glass or plastic flasks. Similar results were found by Jesus et al. 15 who proposed the stabilization of these solutions by microemulsion formation. Thus, due to this lack of stability, it is important to analyze the calibration and sample solutions immediately after their preparation, making the use of the whole automatic sampler carrousel difficult. In relation to the stability of the original sample, no information was found in the literature, considering the determination of these metals in biodiesel. Thus, the following experiment was made: biodiesel samples were prepared in the laboratory by the transesterification of a soybean vegetable oil with methanol, using NaOH and KOH as catalysts. According to the usual procedure, 24 the obtained products should be washed 3 times. However, only one washing procedure was performed in order to obtain a product with high Na or K contents. Just after its preparation, the biodiesel sample obtained was analyzed each 24 h, using freshly prepared calibration solutions. According to results presented in Table 3 , the Na content decreased along the measurements, while K concentration kept reasonably constant. This behavior must be taken into account for an accurate analysis. It was tried to perform a similar study for Mg and Ca. However, no sample with sufficient content of these elements was available in the laboratory at the time of this experiment and we did not succeed in producing samples with the necessary concentrations of Mg and Ca by using contaminated washing water.
Accuracy studies for the determination of Mg and Ca.
Since the determination of Mg and Ca in biodiesel by AAS (proposed in the present study) is in contrast to well established norms, which recommend the use of ICP OES for this determination, a comparative study was performed. Biodiesel samples were analyzed by the proposed AAS procedure and the usual EN 14538 procedure based on ICP OES determination. No significant difference was found between the results obtained by both procedures (Figures 1 and 2 ) confirming their equivalence (paired t test, p > 0.05). 
Analytical figures of merit and accuracy
These experiments were performed as described in the Experimental section both by LS F AAS or HR-CS F AAS at the optimized conditions for each instrument. In both instruments, the linearity was observed up to at least 0.4 mg L -1 . The instrumental LOD were calculated as three times the standard deviation of 10 measurements of a blank (in the present case a 120.0 g L -1 solution of mineral oil in xylene) divided by the slope of the respective calibration curve for each analyte. The LOD was calculated for the original sample, considering the dilution factor. According to Table 4 , the LOD obtained using HR-CS F AAS showed improvements for all elements evaluated in comparison with the limits obtained using LS F AAS, although they are all quite below the limits determined by the legislation. Higher sensitivities for Na, Mg and Ca were also observed for the continuous source system probably due to the best fitting of the primary source spectral shape to the absorption line profile promoted by this equipment for these elements ( Figure S4 ). Figure S4 also shows that no spectral interference is observed, and background correction is not mandatory. Regarding to the analysis time, using the HR-CS F AAS spectrometer, the time was 5 times reduced due to the capacity of sequential determination of instrument. However, there is no limitation for performing all these determinations by LS F AAS.
Repeatability The results obtained for both equipments are displayed in Table 5 .
Biodiesel samples of different origins were analyzed as recommended by the NBR ABNT NBR 15556 norm. Determinations were carried out in parallel in both spectrometers (LS F AAS and HR-CS F AAS) by two operators in distinct order to avoid any influence of the stability of the samples or environmental factors. Results in agreement were found (paired t test, p > 0.05) for all elements in the analysis of the samples by the two instruments. It is important to take into account that the samples and calibration solutions must be prepared just before the analysis in order to avoid stability problems of the diluted solutions already described in the literature 15 and also observed in the present work as previously discussed. The results obtained are presented in Table 6 .
The accuracy was assessed by recovery tests performed with 5 biodiesel samples of different sources. Samples were spiked with 2.0 and 3.0 mg L -1 of Na, K, Mg and Ca, respectively, using the organic standard solution. The results Table 7 . Recoveries (± standard deviation, n = 3,) in the determination of Na, K, Mg and Ca in spiked (2 and 3 mg L Tables 7 and 8 and recoveries ranged between 91 and 107%. Accuracy was also assessed by the participation in two proficiency exercises 25,26 promoted by ANP. Table 9 shows the good agreement between found and consensus results. Figure S5 shows all the results of the two exercises, highlighting those found in the present work using the ABNT NBR 15556 norm. In fact, the apparent discrepancy between found and consensus results for K at the 6 th PI may be explained by the fact that this value is close to the limit of Vol. 23, No. 7, 2012 quantification of the method. Moreover, the dispersion of the interlaboratory results is large. If the values out of the 3 s interval were not considered in the average calculation, they would be too close to the value found in the present work.
Conclusions
Sodium, K, Mg and Ca can be determined in biodiesel samples obtained from different feedstock by F AAS, with limits of detection adequate for biodiesel characterization according to the current legislation. The amount of 120.0 g L -1 mineral oil in xylene solution provided the adequate medium for the preparation of the calibration solutions, allowing the viscosity matching between calibration and sample solutions. In this way, the sensitivity response in biodiesel samples of different sources showed no statistical difference, and external calibration could be performed by the adequate dilution of standard organic solutions in the 120.0 g L -1 mineral oil in xylene medium. In comparison to the determination of these metals in aqueous medium, lower aspiration rates should be used, otherwise the flame could become too lean and multiplicative matrix effects could appear. Magnesium and Ca concentrations found in biodiesel samples of different sources by the developed F AAS procedure were equivalent to those found by ICP OES following the EN 14538 norm, supporting the ability of F AAS to perform the determination of not only Na and K, but also of these other two analytes in biodiesel samples of different sources. This information is important since a recent work 27 has shown that P can be successfully determined with adequate LOD in biodiesel by GF AAS (graphite furnace atomic absorption spectrometry), and AAS equipment provided with both flame and graphite furnace atomizers can be applied for the regulatory elemental analysis (Na, K, Mg, Ca and P) imposed to biodiesel. This is also true for ICP OES (NBR 15553 norm), but in fact it is no longer necessary to purchase both equipments for biodiesel characterization, bringing considerable economy to the producers. Thus, from now on, the choice for the type of equipment is up to each laboratory depending on its particular needs and characteristics.
The repeatability and intermediate precision tests have confirmed the adequacy of the proposed procedure and its robustness as well. The use of HR-CS F AAS provided higher sensitivity and better LOD in relation to LS F AAS. However, its main advantage was in relation to the analysis time, which was reduced in 5 times due to the possibility of sequential determination offered by the instrument. Recovery tests as well as the participation in interlaboratory exercises showed that both instruments can be used with good accuracy and precision leading to appropriate LODs for these determinations. 
